The convalescent subclinical carrier state of foot-and-mouth disease virus (FMDV) infection has been thoroughly investigated; contrastingly, the subclinical form of new infections of vaccinated and naïve hosts is recognized, but poorly understood. 
| INTRODUCTION
Foot-and-mouth disease (FMD) is a vesicular disease of clovenhoofed animals, caused by FMD virus (FMDV; Aphthovirus, picornaviridae) (Alexandersen, Zhang, Donaldson, & Garland, 2003; Arzt, Juleff, Zhang, & Rodriguez, 2011) . There are seven distinct serotypes (A, O, C, Asia-1, SAT 1-3) of this small, nonenveloped, positive sense RNA virus (Mason, Grubman, & Baxt, 2003) . The disease is highly transmissible through both direct and indirect contacts between animals. During the acute phase of infection in un-vaccinated cattle, FMDV can be detected in oral and nasal secretions of infected animals from approximately 1-3 days prior to the occurrence of clinical signs of disease up to 7-14 days after the development of clinical lesions (Alexandersen et al., 2003; Arzt et al., 2011; Stenfeldt et al., 2016) . Viral shedding is substantially reduced in vaccinated cattle (Parthiban, Mahapatra, Gubbins, & Parida, 2015; Stenfeldt et al., 2016) . FMD has been described in Asian buffalo (Mohan, Gajendragad, Gopalakrishna, & Singh, 2008) ; however, viral shedding parameters have not been characterized under controlled conditions.
It is well known that a significant proportion of FMDVinfected ruminants develop a persistent subclinical infection after convalescence from acute disease (Alexandersen, Zhang, & Donaldson, 2002; Moonen & Schrijver, 2000) . These animals, referred to as FMDV carriers, are defined by the presence of FMDV in oropharyngeal fluids (OPF) for 28 days or more postinfection (Sutmoller, McVicar, & Cottral, 1968; Van Bekkum, Frenkel, Frederiks, & Frenkel, 1959) . The virus persists in the epithelium of the nasopharynx Stenfeldt et al., 2016) or associated lymphoid tissue (Juleff et al., 2008) of cattle and buffalo, and the virus can be cleared at variable times by mechanisms yet to be determined. FMDV is reported to persist for up to 1-2 years in cattle Straver, Bool, Claessens, & Van Bekkum, 1970) , 5-12 months in sheep and goats (Burrows, 1968) , and up to 5 years in African Cape buffalo (Syncerus caffer) (Condy, Hedger, Hamblin, & Barnett, 1985) .
Although persistent infection has been documented in Asian buffalo (Bubalus bubalis) , the duration of FMDV persistence in this species has not been established. Transmission from persistently infected animals has only been confirmed to occur from African buffalo (Dawe, Flanagan et al., 1994; , and the role of carrier animals in FMDV epidemiology among other host species remains unclear.
Sequence analysis of the FMDV VP1-coding region has suggested that complex mixtures of genotypes may arise during FMDV type O persistent infection in Asian buffalo, providing a potential source of novel viral variants (Barros, Malirat, Rebello, Costa, & Bergmann, 2007) . Likewise, rapid viral evolution has been described during FMDV persistent infection of cattle (Brito et al., 2018; Gebauer et al., 1988) . However, a different investigation suggested more limited changes within the viral genome during persistent infection in cattle (Parthiban et al., 2015) .
FMD is endemic in Pakistan, with serotypes O, A, and Asia-1 causing substantial economic losses to commercial cattle and buffalo farms each year Brito, Rodriguez, Hammond, Pinto, & Perez, 2017) . Several studies have shown a higher seroprevalence of antibodies against FMDV in buffalo than in cattle (Blacksell et al., 2008; de Carvalho Ferreira et al., 2017) ; however, clinical FMD is more prevalent in cattle than in buffalo. Increased numbers of FMD outbreaks are reported during the period of the Eidul Azha religious festival every year, during which there is large-scale animal movement throughout the country (Jamal, Ahmed, Hussain, & Ali, 2010) . Subclinical FMDV infection has been previously reported in Asian buffalo in Pakistan (Jamal et al., 2012; Klein, Hussain, Ahmad, Afzal, & Alexandersen, 2008) and has been reported to be specifically common following infection with FMDV Asia-1 (Maddur et al., 2009 ).
However, the role of subclinically infected buffalo in FMDV epidemiology in Pakistan is poorly understood. The purpose of this study was to characterize the occurrence of subclinical, new (neoteric) and persistent FMDV infection in Asian buffalo in Pakistan with the additional phylogenetic characterization of detected virus strains.
| MATERIALS AND METHODS

| Ethics approval
The work described herein was performed by the federal staff of the Animal Health Program, National Agricultural Research Center, Islamabad, Pakistan, which approved the study. All infections described herein occurred spontaneously in domestic buffalo with no experimentation, inoculation, or treatment of live animals.
| Study design and sample collection
A total of 30 peri-urban buffalo dairy farms in Islamabad Capital Territory (ICT), Pakistan, were included in this study (Table 1, Figure 1 ).
A total of 1,493 buffaloes and 461 cattle were kept at these farms and each farm had at least 20 buffaloes. Most animals remained on the farm or were sent for grazing in nearby pastures. All but five farms had a history of FMD outbreaks within 1 year prior to the start of the project. All farms practiced vaccination on an annual basis with imported (29 herds) or locally produced (1 herd; Farm A) FMDV polyvalent vaccines containing serotypes O, A, and Asia-1. All animals were vaccinated prior to the start of the study, and no vaccination occurred during the study period. All buffaloes were moni- | 1837 367812, BD Franklin Lakes, NJ, USA). The samples were allowed to clot overnight and sera were separated after centrifugation at 600× g for 10 min.
Oropharyngeal fluid (OPF) samples were similarly collected at the initial sampling time point and at 3-month intervals for 1 year (total 4 samples per animal). OPF was collected by probang cup (Sutmoller & Cottral, 1967) , and samples were transferred to the Animal Health No. 15240-162), then transferred to 50-ml falcon tubes. All serum and OPF samples were aliquoted in 2-ml cryovials and stored at −70°C for further testing.
| Serological analysis for detection of FMDV
NSP antibodies
Serum samples (n = 300) were screened at NARC for the presence of anti-FMDV NSP antibodies using an indirect enzyme-linked immuno-sorbent assay (I-ELISA; CHEKIT FMD-3ABC bo-ov kit, IDEXX Laboratories, USA). The serum samples were inactivated at 56°C for 45 min in a water bath, and the assay was performed following the manufacturer's instructions as previously described (Brocchi et al., 2006 Extracted RNA was analysed by rRT-PCR on an ABI 7000 thermocycler using primers and probes as described by Callahan et al. (2002) and cycling conditions described by Pacheco et al. (2010) . Samples were considered positive when Ct values were <40 .
| Virus isolation
Oropharyngeal fluid samples from which FMDV RNA was detected were subjected to virus isolation (VI) at PIADC. OPF samples were initially treated with 1,1,2-trichlorotrifluoroethane (TTE) (EMD, USA;
Cat No. 48338852) as previously described (Ludi et al., 2016) 
| Sequencing and phylogenetic analysis
The VI supernatants were transferred to 15-ml conical tubes and centrifuged at 2,000× g for 10 min at 4°C. The supernatants were collected, and the cell debris was discarded. Total RNA was extracted as described above. FMDV RT-PCR products were generated for sequencing using SuperScript designed to universally amplify the P1 region of FMDV (Xu et al., 2013) . The RT-PCR products were visualized, purified, sequenced, and analysed as previously described (Ludi et al., 2016) . Additional internal sequencing primers were used to obtain the complete VP1 coding sequence.
Sequences were viewed and contigs assembled using Sequencher ® v4.8 (GeneCodes, Ann Arbor, MI), and a consensus sequence was assembled for each isolate's VP1 coding region. Complete VP1 coding sequences obtained from VI-positive samples were queried using BLAST search (https://blast.ncbi.nlm.nih.gov), and the closest reference viruses were used to reconstruct the phylogeny of the sequenced viruses along with previously identified reference sequences (Knowles, Wadsworth, Bachanek-Bankowska, & King, 2016) . Sequences were aligned using MUSCLE (Edgar, 2004) . A maximum-likelihood phylogenetic tree was constructed using a GTR+G (4) nucleotide substitution model and 1,000 bootstrap replicates in MEGA7 (Kumar, Stecher, & Tamura, 2016) for each viral serotype.
The trees were visualized using Figtree 1.4.3 (http://tree.bio.ed.ac. 1.73 × 10 −2 substitutions/site/year) for A/Iran-05 (Brito et al., 2018) .
Previous studies have reported similar nucleotide substitution rates for O/PanAsia2 and A/Iran-05 based on linear regression analysis of genetic distances (Jamal, Ferrari, Ahmed, Normann, & Belsham, 2011a; Jamal, Ferrari, Ahmed, Normann, Curry et al., 2011) . On this basis, for this study genetic clusters were delineated in the phylogeny by differences >1% (~6-7 nucleotides) for serotypes O and Asia-1 and >2% (~12-13 nucleotides) for serotype A, and clusters were used to conservatively differentiate new or serial infections from persistent infections. Viruses of the same serotype isolated from the same animal and grouping in the same cluster were considered persistent infections, whereas viruses that grouped in different clusters were considered new or serial infections for the purposes of this study.
| Statistical analysis
Statistical analysis was performed using Microsoft Excel (2013) 
| Definitions of phases of infection
All animals from which FMDV RNA was detected in OPF were considered subclinically infected as there were no clinical signs of FMD reported by farm staff or observed by NARC scientists in any of the animals at any time throughout the 1-year study period. Additional individual animal-level rRT-PCR and sequence data were used to define subcategories of subclinical infection. Animals from which FMDV RNA was detected in only the first OPF sample were considered infected, although it was not possible to determine the duration of infection (Table 2) . Animals from which the same serotype and subtype were detected in multiple samples were categorized as persistently infected carriers as the duration of infection was demonstrated to be over 30 days. Likewise, animals from which different serotypes or subtypes were detected in sequential samples were considered to be serially infected with distinct viruses, although the study design could not differentiate the possibility of simultaneous co-infection. In addition, there was a large group of animals from which FMDV RNA and/or infectious virus was detected in multiple OPF samples, but without determination of virus serotype in more than one of those samples. These animals were defined as infected with multiple detections. Among all categories of animals, the occurrence of a "new (neoteric) subclinical case" was defined as an instance in which a new strain of FMDV RNA was detected for the first time in an OPF sample of an animal that had previously been free of that strain.
| RESULTS
| Detection of distinct stages of FMDV infection
Twenty-five (83.3%) of the 30 farms in the study reported previous clinical FMD outbreaks in their herds (Table 1) . Among farms reporting outbreaks, the most recent outbreak had occurred on average 5 months (range 1-12 months) prior to the start of the study. No outbreaks were reported on study farms during the study period (December 2011-December 2012). Confirmation of distinct serotypes at distinct times defines "Serial Infection". e Defined as first detection of FMDV in a buffalo that was previously FMDV-free at all previous samplings (i.e., new subclinical infection had occurred between sampling points).
T A B L E 2 Classification of infection status based on rRT-PCR and virus isolation
All 30 farms and 233/300 (77.7%) buffaloes had detectable antibodies against FMDV NSP at the start of the study (Table 1) (Table 1) suggesting relative extinction of FMDV infection over the course of the study.
Of the 180 animals with detectable FMDV RNA in OPF samples, infectious virus was isolated from at least one sample for 48 (26.7%) animals from 18 farms. A total of 73 FMDV isolates were obtained within the scope of this study, which were subsequently analysed by sequence acquisition. Eight animals on 4 farms had the same FMDV serotype and virus cluster isolated from serial OPF samples and were thereby defined as persistently infected carriers. Thirteen animals across 10 farms were defined as serially infected with multiple viruses based on detection of distinct serotypes or clusters within serotypes in sequential OPF samples (Table 2, Figure 2 ). In addition, there were 67 animals from which viral RNA was detected from multiple samples, but it was not possible to define a status as carrier or serially infected due to lack of confirmed isolate and/or sequence data. Within this category, there were 27 animals from which a viral sequence was obtained from one sample, but at least one additional 
| Phylogenetic analysis
Of the 295 OPF samples in which FMDV RNA was detected, infectious virus was isolated and VP1 coding sequences were obtained from 73 (24.7%) samples derived from 48 animals (Figures 3-5) .
Overall, the most commonly isolated serotype was Asia-1 (n = 52), followed by A (n = 16) and O (n = 5) (Supporting information Table S1 ). Viruses from all serotypes were similar to viral sequences previously identified in our laboratory from different provinces in Pakistan, as well as contemporary viruses reported in the region (Knowles et al., 2016; Ullah et al., 2017) .
A total of 52 VP1 coding sequences, collected from 39 individuals, were classified as serotype Asia-1 (Figure 3 ). All Asia-1 viruses sequenced for this study were within lineage Sindh-08 (Knowles et al., 2016) ; however, the viruses grouped into four clusters that were delineated based on >1% difference in the nucleotide sequence, suggesting that these were four distinct viral clusters which were co-circulating at the time of the study. For the purposes of this study, the viruses were designated as clusters 1-4, and viruses isolated from the same individual but which grouped in different clusters were was considered a serially infected animal (Figure 2 ). Another eight buffaloes had serial infections with serotypes A and Asia-1 (Figure 2) . Of the nine animals with serial infections including serotypes A and Asia-1, six transitioned from serotype A to Asia-1, whereas three transitioned from serotype Asia-1 to A. At the farm-level, there were two premises (Farm P, W) from which all three serotypes were detected over the 12-month course of the study (Figure 2 ). There were eight farms where two serotypes were detected, and two of those farms also had two distinct Asia-1 clusters (Farm AA, DD). In addition, there were eight farms from which one single serotype was detected; however, two serotype Asia-1 clusters were detected on four of these farms (Farm R, Y, Z, BB). Overall, there were 10 farms which had a serotypic switch over the course of the study and six farms in which there was a cluster switch within serotype Asia-1. At last, there were 12 farms where FMDV RNA was detected from OPF, but no viral isolate or sequences could be obtained. | 1845 Klein et al., 2008) , the role of subclinical infection in FMDV epidemiology and transmission is poorly understood and has been incompletely elucidated. New subclinical FMDV infection has been shown to occur regularly in vaccinated animals that are protected from systemic clinical disease (Hayer, VanderWaal et al., 2017; . In addition, certain host species, such as African buffalo (Syncerus caffer), are known to rarely develop clinical signs of disease despite widespread infection (Maree et al., 2016) . In experimental studies, the pathogenesis of the early phase of subclinical FMDV infection is distinct from the persistent phase of infection, as newly infected animals may shed substantial amounts of infectious FMDV despite the absence of vesicular lesions Sutmoller & Casas Olascoaga, 2002) . In contrast to this, persistent (Lee, Jong, & Yang, 2006; Mohapatra, Pandey, Sanyal, & Pattnaik, 2011) . However, in the current study, 29/30 herds used an imported (purified) vaccine, and these peri-urban dairy farms in Pakistan usually do not keep animals beyond a single lactation (Zahur, Farooq, Hussain, Hashmi, & Muneer, 2007) and thus a single vaccination. In addition, locally produced vaccines in use in Pakistan at the time of the study did not elicit a protective antibody response in a previous study as they were determined to have low antigenic content (Jamal et al., 2014) . Based upon these considerations, the presence of anti-NSP antibodies in the current study was likely due to previous infection and not vaccination. The high prevalence (60%) of animals with at least one OPF sample containing FMDV RNA further indicated substantial circulation of FMDV among these animals, including five farms which did not report any previous FMD outbreak in the herd. Thus, subclinical FMDV infection appears to be widespread in buffalo in ICT, Pakistan. Furthermore, these findings and other recent reports (Brito, Pauszek et al., 2017; de Carvalho Ferreira et al., 2017; Hayer, VanderWaal et al., 2017; Ludi et al., 2016) support the assertion that different types of subclinical FMDV infections are widespread, yet largely undocumented in FMD-endemic settings.
The documentation of FMDV infection in the five study herds without any reported history of FMD outbreak further supports occurrence of different types of subclinical infection in Asian buffalo, and supports previous findings of subclinical infection in buffalo and cattle elsewhere in Pakistan and neighbouring countries (Jamal et al., 2012; Klein et al., 2008; Maroudam et al., 2008) . However, unlike previous reports, the longitudinal study design and sequence acquisition within the current work enabled characterization of the dynamic viral serotypic and intratypic changes which occurred in this population. Although subclinical FMDV infection was readily documented, it was more challenging to differentiate between subclinical new and persistent infections. Precise determination of persistent infection required a sequence-confirmed determination that the same virus had been present in the same animal for at least 28 days. In the absence of such sequence data, it was only appropriate to refer to subclinical infection and the potential of new or persistent duration.
Likewise, precise identification of new subclinical infection required novel detection of FMDV in an animal that was previously demonstrated to be uninfected. In the current study, these three classifications were met through a series of standardized procedures, assumptions, and definitions. Although it is desirable to standardize this approach across studies, practical differences in study designs and available samples and data often necessitate customization of an overarching study paradigm to distinct scenarios.
Using the criteria described in Table 2 It is important to acknowledge that the conservative approach to defining cases in this study has, likely, led to under-diagnosis of carriers. In a specific manner, the requirement to define carriers with virus isolation and sequence confirmation has resulted in the identification of just eight confirmed carrier cases compared to 88 cases which (hypothetically) would be defined using serial detection of FMDV RNA as has been applied in other studies . Transportation of OPF samples to the laboratory on ice may have resulted in virus degradation in the field and reduced the number of samples from which virus could be isolated.
However, immediate freezing of samples in the field was not possible due to logistical challenges of the study. Likewise, the lack of acquisition of sequence from every RNA-positive sample, due to sequencing isolated viruses only, may have led to under-diagnosis of cases of multiple serial infections. Ongoing work in our laboratory is directed toward the acquisition of sequence from the VI-negative, low-RNA quantity samples which may further elucidate the patterns of virus transmission. In addition, the use of conventional Sanger sequencing, leading to consensus-level sequence data, may have prevented full resolution of the presence of subconsensus variants which could have identified concurrent multiple infections in some samples. However, results of the current study are consistent with a recent study of buffaloes at slaughterhouses in ICT, which detected FMDV RNA in 11% of OPF samples, and virus was isolated from 12% of those samples in which FMDV RNA was detected (Navid et al., 2018 ).
During the current study period, the most prevalent FMDV serotype isolated was Asia-1, followed by serotypes A, and O. The dominance of serotype Asia-1 in infected animals is consistent with recent work from our laboratory which characterized outbreak viruses in overlapping geotemporal space . These findings contrast earlier works which reported serotype O as the most prevalent serotype, followed by A, then Asia-1 (Abubakar, Arshed, Ali, & Hussain, 2012; Jamal et al., 2010; Waheed et al., 2011) . Differences across these studies may demonstrate shifts in the dominant serotype over time, but also are likely to reflect intrinsic challenges to field-based studies which inevitably include varying extents of sampling bias.
The phylogeny of FMDV Asia-1 characterized within this current study demonstrated significant diversity among isolates. Four distinct clusters of Asia-1 isolates were identified across the study with multiple clusters identified within individual farms, and in three instances within individual animals. The majority of these FMDV Asia-1 isolates were closely related to reference isolates collected in ICT and Rawalpindi, which is consistent with the extensive livestock movement between these cities Barros et al., 2007) .
The high prevalence and diversity of Asia-1 strains recovered in the current study suggests that this serotype was circulating subclinically in Pakistan during 2011-2012. These results support earlier reports of high diversity of circulating Asia-1 strains and limited efficacy of the vaccine strain in use in Pakistan at the time of the study (Jamal, Ferrari, Ahmed, Normann, & Belsham, 2011b; Jamal et al., 2014) . In addition, animals were vaccinated annually, whereas a booster at 6 months is recommended to maintain adequate protection against FMDV (Jamal et al., 2014) .
Although diversity among Asia-1 isolates between animals was high, viruses of the same cluster that were isolated from the same animal at different sampling times (persistent infections) were closely related or identical suggesting low rates of within-host viral evolution in these animals, as was similarly demonstrated using deep sequencing techniques on a subset of the samples (Ramirez-Carvajal et al., 2018) . This further supports the conclusion that the cluster shifts identified herein within individual animals and herds may represent novel introduction of distinct genotypes of FMDV rather than within-host mutation of existing strains. In addition, Asia-1, cluster 2 strains were isolated only at the fourth sampling time point, supporting the hypothesis of a novel introduction of this genotype. Withinhost emergence of pre-existing subconsensus variants from quasispecies swarms is also considered to be an unlikely explanation of the cluster transitions because the variation across clusters was greater than what would be expected to exist within one host. However, within-host quasispecies emergence is not ruled out by the current analyses. As with the Asia-1 confirmed carriers, the A and O isolates from the persistent infections were identical across sampling points. In contrast, Barros et al. (2007) sublineages have been reported from outbreaks in Pakistan Jamal, Ferrari, Ahmed, Normann, Curry et al., 2011; WRLFMD, 2017) . Serotype O viruses collected in this study all belonged to the PanAsia2 sublineage ANT-10, the most widely distributed sublineage in the study region and surroundings (Brito, Rodriguez et al., 2017; Jamal & Belsham, 2018) . Similar to serotype A, other sublineages of serotype O are known to circulate in Pakistan Jamal et al., 2011a) . 
| CONCLUSION S
